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Abstract

Proper management of military training lands is critical to ensure availa-
bility of training lands, and thereby ensure mission readiness. However,
installation land management often supports a broader mission than
simply maintaining the land in a condition suitable for training, including
activities as agriculture and grazing outleases, and protection of habitat to
conserve Federally listed threatened and endangered species. Proactive
land management practices that support such potentially conflicting land
uses must take a systematic approach that considers, coordinates, and in-
tegrates complex land impacts. Development of the Optimal Allocation of
Land for Training and Non-Training Uses (OPAL) Program was undertak-
en to meet this need. This phase of work developed algorithms for estimat-
ing cumulative land disturbance on military training lands through above-
and below-ground biomass responses. Algorithms developed here specifi-
cally focused on four aspects of the relation between above- and below-
ground biomass and natural resource disturbance: (1) use of above- and
below-ground biomass to quantify disturbance, (2) forecasting soil tem-
perature and moisture as a consequence of weather, (3) distribution of
training and its impacts on biomass, and (4) impacts of burning/haying on
land management.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

Proper management of military training lands is critical to ensure availa-
bility of training lands, and thereby ensure mission readiness. Sustainable
training land management complements the military mission by minimiz-
ing detrimental environmental impacts of maneuver training. Army Regu-
lation (AR) 350-19 assigns responsibilities and prescribes policies for max-
imizing the capability, availability, and accessibility of ranges through the
Sustainable Range Program (SRP). A core component of the SRP is the In-
tegrated Training Area Management (ITAM) Program, which provides the
Army the capability to manage and maintain training lands by integrating
mission requirements with environmental requirements and appropriate
land management practices (HQDA 2005). To date, many studies have es-
timated the impacts of military training activities on installation lands
(Ricci et al. 2012).

However, installation land management practices often support a broader
mission than simply maintaining the land in a condition suitable for train-
ing. The Army’s “ecosystem approach” to land management supports mul-
tiple-use activities, when those activities are compatible with mission re-
quirements, including agriculture and grazing outleases (USAEC 2011). As
a Federal agency, the Army is also required by the US Endangered Species
Act (ESA) to conserve Federally listed threatened and endangered species
(TES) on installation lands. The Army often makes proactive management
efforts to eliminate potential conflicts between threatened, endangered,
proposed, and candidate (TEPC) species and military mission and man-
agement efforts (USAEC 2009). Installations’ Integrated Natural Re-
sources Management Plans (INRMPs) include practices that benefit the
conservation of species of concern, e.g., by incorporating plans to enhance
or preserve critical habitat through such management practices as con-
trolled burns.

In general, military training land management and maintenance practices
support two primary objectives: (1) to maintain lands for military training
and (2) to meet environmental requirements. Proactive land management
practices that support potentially conflicting land uses must take a sys-
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1.1

1.2

1.3

tematic approach that considers, coordinates, and integrates complex land
impacts. Development of the Optimal Allocation of Land for Training and
Non-Training Uses (OPAL) Program was undertaken to meet this need.

Objective

The overall technical objective of the OPAL project is to develop approach-
es to estimate cumulative land disturbance on military training lands
through above- and below-ground biomass responses by merging current
biomass disturbance methods/models with OPAL field data to capture dis-
turbance regimes for military land managers. The specific objective of this
phase of work was to define algorithms to establish the relationship be-
tween land use and biomass.

Approach

The objectives of this stage of OPAL research were met through the follow-
ing steps:

1. Aliterature review was conducted to identify and examine current meth-
ods, models, and tools used to estimate above- and below-ground biomass
responses to disturbance.

2. Information derived from the literature review, combined with OPAL field
data, was used to develop algorithms that define the relationship between
land use and biomass.

3. Algorithms developed here specifically focused on four aspects of the rela-
tion between above- and below-ground biomass and natural resource dis-
turbance:

a. use of above- and below-ground biomass to quantify disturbance

b. forecasting soil temperature and moisture as a consequence of weather
c. distribution of training and its impacts on biomass

d. impacts of burning/haying on land management.

Scope

This effort addresses the interplay among weather, military maneuver
training, and land management, including haying and burning. Equations
developed in this work capture the combined interaction of these land as-
pects on the health of the vegetation that provides training realism and
protection against erosion. With appropriate calibration, the equations are
intended to be useful for vegetation types across the United States.
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1.4 Mode of technology transfer

It is anticipated that the results of this work will be used to develop spatial
and statistical models that will incorporate the effects of military disturb-
ance and land management activities into a software-based landscape
simulation model system.
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2 Optimal Allocation of Landuse (OPAL)

The US Department of Defense (DoD) is unique in the type, frequency,
and magnitude of its land uses. Although the effects of most land uses on
installations (e.g., vehicular maneuvers, dismounted training, control
burns, grazing, forestry, wildlife management, etc.) are somewhat under-
stood, the cumulative and interactive effects of these activities have only
been explored superficially. The Optimal Allocation of Land for Training
and Non-Training Uses (OPAL) work package was undertaken to research
the effects of combined military training and land management activities
on the health of maneuver area grasslands by filling significant knowledge
gaps in cumulative and ecological responses, and by providing predictive
land management capabilities.

Anecdotal field observations have noted complex interactions between
military and land management activities. OPAL’s underlying hypothesis,
based on these observations, is that land use activities can be synergistic,
anergistic, or neutral — depending on the characteristics of the interacting
disturbance regimes. If this hypothesis is true, then the results of OPAL
research may enable the Army to avoid the detrimental effects of multiple
land use activities, and by careful management, to actually improve long-
term training capacity.

The overall goal of OPAL research is to provide military land managers
and the training community at multiple levels with a common view of
training land use and of the interconnectivity between each land use and
its impacts on training land quality. This stage of research included field
experiments to quantify the effects of trafficking, burning, and hay-
ing/cutting on maneuver areas. The mathematics presented here combine
the OPAL field study results with current methods, models, and tools used
to estimate above- and below-ground biomass® responses to disturbance,
and to assess the applicability of these results to military land manage-
ment. These equations provide the foundation for development of a simu-
lation model of vegetation response to training and land management.

* For the purposes of this research, “biomass” is defined as above-ground (shoot) and below-ground
(root) organic matter.
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This stage of research developed algorithms for projection scenarios that
provide predictive capabilities for land impacts from current and future
weapon systems. Data derived from this research may also feed into exist-
ing models such as the North Atlantic Treaty Organization (NATO) Refer-
enced Mobility Model (NRMM), which allows for improved modeling ca-
pabilities. To this end, OPAL research may be categorized into four
interrelated and linked avenues of investigation (Figure 1):

1. Land metrics

2. Synergistic and anergistic interactions
3. Cumulative patterns

4. Model development.

Land Ietrics

Identification of Co-Occurrence
Interactions

'y

Alternative Land Uses

! ' !

Synergistic & Anergistic egetation & Soil Strength Synergistic & Anergistic
Interactions Interactions Interactions
[Humid Grasslands) {4rid Grasslands)

¥

Simulation Metwork Use

&

.| Disturbance Regime Algorithm |
Development

&

Model Development

IModel Incorporation & | Framework for Cumulative
Interpretation Interactions

Figure 1. OPAL work package: Project titles and work flows.
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2.1

2.2

2.3

Land metrics

“Land metrics” research defines impact types and regimes using a hierar-
chal matrix and prioritization scheme. It provides key scientific knowledge
needed to identify impacts on military training lands. Specifically, this re-
search will: (1) identify military- and nonmilitary-specific land use activi-
ties and categories, (2) evaluate the feasibility of co-occurrence for land
use activities, and (3) prioritize research needs based on co-occurrence ac-
tivities. Smith (2011) and Price et al. have documented the results of these
efforts.

Synergistic and anergistic interactions

“Synergistic and anergistic interactions” research was included three pro-
jects that conducted controlled replicated field studies to test combina-
tions of land use interactions. Each focused on the influences of training
and land management practices on: (1) above- and below-ground biomass;
(2) overland flow; (3) survivability of vegetation from repeated impact;
and (4) selection of Best Management Practices. Howard et al. (2013) and
Fulton et al. (2013) document the field data and statistical analyses.

Figure 2. Field data collection.

Cumulative patterns

“Cumulative patterns” research developed methodologies and tools to in-
vestigate and quantify military disturbance regimes. This research includ-
ed two projects:

1. Simulation Network Use, which extracted military maneuver data to de-
termine cumulative land use interaction information from the existing
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2.4

suites of military training, testing, and simulation systems to optimize land
use allocation. This effort identified and examined simulation software
systems currently being used for military training/maneuvers, and initiat-
ed the development of extraction tools that collect relevant land use infor-
mation at a level of resolution that is beneficial to land managers.

2. Disturbance Regime Algorithm Development, which merged current algo-
rithms and models used to estimate disturbance levels with OPAL field da-
ta to capture disturbance regimes for military land managers. Svendsen,
Koch, and Howard (2013) and Myers et al. (2011) have documented the re-
sults of these efforts.

Model development

“Model development” research incorporated the results of the previous
three research components to develop a conceptual approach for defining
optimal installation land allocation problems. The objective of this re-
search was to capture the optimal allocation capabilities in end-user soft-
ware. Koch et al. (2013 a&b) documented this effort.
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3

3.1

Literature Review

Ecological succession

“Ecological succession” refers to the (more or less) predictable and orderly
changes in the composition or structure of an ecological community. Eco-
logical succession is commonly initiated by some form of disturbance (e.g.,
fire, erosion, harvesting) of an existing community (Figure 3). The concept
of ecological succession goes back to the 14th century. The French natural-
ist Adolphe Dureau de la Malle was the first to make use of the word “suc-
cession” in reference to the vegetation development after forest clear-
felling (May 1973, Allen and Starr 1982).

In 1917, J. T. Jardine developed the first scientific survey method charac-
terizing succession. Jardine’s method involved a careful visual examina-
tion of the land to provide a written record the resources. He recorded the
following data on rangelands (Jardin and Anderson 1919):

A topographic map showing watering places, roads, fences, and cabins

A classification of the rangeland into 1 to 10 grazing or vegetation types
The percentage of the rangeland covered by each forage species

A descriptive report of each grazing or vegetation type, including the suita-
bility of each type for each kind of grazing animal

A map of the timber

Samples of the major species present on the rangeland.

@

o :

Figure 3. Succession after disturbance: A boreal forest, (left) 1 year, and (right) 2 years after
a wildfire.
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Jardine’s survey method was highly credible in its time, but because it was
based on visual estimates of the ground cover of each species rather than
on direct measurements of the volume or weight of the forage produced by
each plant species, it did not give an accurate measurement of productivity
or yield. Survey results were highly dependent on the investigator.

In 1933, A. R. Standing introduced the concept of using measured volumes
of vegetation rather than visual estimates of cover (Standing 1933). At this
time, other modifications were made to the Jardine method, and these
were finally standardized and adopted by the Soil Conservation Service
(SCS), the Bureau of Land Management (BLM), and the US Forest Service
(USFS). Although more quantitative than the original reconnaissance
method, the surveys still depended on a number of subjective criteria for
estimating forage production or carrying capacity and neglected any data
on soil conditions, wind and water erosion, or other factors that would al-
low a more comprehensive evaluation of ecological communities. More
important, the method was not linked to any theoretical base that suggest-
ed how the forage composition data that were collected could be interpret-
ed as indicators of ecological conditions on communities. Forage produc-
tion, rather than the state of ecosystems was evaluated (NCR 1994).

Fredric Clements solidified the theory of community dynamics—how plant
communities develop and change. To Clements, succession sequences of
communities were highly predictable and culminated in a climatically de-
termined stable climax. This climax theory rested on the assumption that
vegetation could be classified into formations that represented a group of
plant species that acted together as if they were a single organism. Com-
munities would be classified on the basis of differences in climax plant
community composition and would be assessed on the basis of the diver-
gence of the current plant composition from the climax plant community
composition (Clements 1916).

E. J. Dyksterhuis, a student of Clements, was pivotal in moving from the
old method of determining functional capacity, which used visual esti-
mates of forage composition, to a new method based on observations of
the succession of conspicuous vegetations, i.e., the replacement of one set
or type of plants by another. Dyksterhuis refined the climatic climax com-
munity by proposing that different climaxes coexist as a function of soil or
topographic or geographic differences within a similar climate. He also as-
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serted that human disturbances often drove the plant composition toward
the early stages of succession, whereas natural successional processes
drove plant composition toward a climax community. Therefore, by ad-
justing the grazing pressure or the duration or season of use, rangeland
managers could maintain rangelands at any stage of succession.
Dyksterhuis proposed a quantitative system for assessing whether a com-
munity was at an early or late stage of succession by analyzing the behav-
iors of three classes of plant species: decreasers, increasers, and invaders
(Dyksterhuis 1949).

Dyksterhuis’ use of successional stages as the measure of the condition of
rangelands had great appeal. By 1950, the standard concept in US land
management became the measurement of range condition as the degree of
departure from climax plant community vegetation of a defined range site
and the succession-retrogression model of rangeland development. To
varying degrees, the SCS, BLM, and USFS all adopted the concept.

Today the SCS, BLLM, and USFS continue to evaluate successional change
on lands by comparing the composition and annual biomass produced by
the existing vegetation with a previously determined benchmark plant
composition and production. The SCS defines this benchmark as the cli-
max plant community for that range site, and the USFS and BLM, respec-
tively, define it as the potential natural community for that ecological type
or ecological site.

The relationship between successional stages and the integrity of its eco-
logical processes —that is, its health— is uncertain. Lauenroth (1985) not-
ed that species that are not part of the climax vegetation can also conserve
the soil, water, and productiveness of rangelands. The effectiveness of veg-
etation in protecting soil is more a function of effective soil cover than
plant composition, since effective soil cover is more closely tied to the type
and pattern of cover than it is to plant composition. Loss of minor species
may not be indicated by a change in range condition or ecological status
rating if these species make up a small percentage of the plant composition
and annual biomass production. The loss of minor species, however, may
indicate change in nutrient cycles caused by reduced diversity in rooting
depth or changes in energy flow because of reduced period during which
the remaining plants photosynthesize.
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3.2

P. T. Tueller described a process of site degradation that began with the
loss of plant vigor and seed production and that led to the death of indi-
vidual plants and a reduction in litter cover and plant density (Tueller
1973). These changes caused changes in plant cover, distribution, and po-
tential for reproduction. Total biomass production or the annual produc-
tion of individual species was reduced. Further deterioration led to re-
duced litter accumulation, the formation of soil crusts that retarded
germination, and altered plant growth forms. Reduction in soil cover and
litter led to soil erosion and the disruption of nutrient cycles. Eventually,
the site potential was seriously impaired (Tueller 1973).

The Army perspective
3.2.1 Training lands as “service provider”

In a broad sense, well maintained installation lands provide multiple “ser-
vices” in terms of the activities that they support, whether those activities
are military training, agriculture and grazing outleases, or preservation of
habitat for TES. Degradation of installation lands reduces the diversity of
the services that those training lands can provide, and severe degradation
can be irreversible. Overtraining, drought, erosion, and other human and
naturally induced stresses have caused severe degradation in the past. The
capacity of training lands to sustainably satisfy the need for the valuable
services depends they provide depends on the interaction of climate,
plants, and animals in particular geological and topographic setting. Over
time, these interactions develop the soil and thereby produce particular
kinds and amounts of vegetation that enable the lands to adjust to changes
in their environment (or in their management). These interactions also
give lands the ability to resist the destructive effects of such extreme
events as droughts and intense rainstorms (Ritsema et al. 2005).

3.2.2 Maintenance of training lands

The Army is responsible for administering more than 15 million acres of
Federally owned land in the United States (HQDA 2006). Since the pas-
sage of the National Environmental Policy Act of 1969 (NEPA) and the
publication of AR 200-2, Environmental Effects of Army Actions (1980),
the military has been required to minimize or avoid both short and long-
term environmental impacts caused by military training. Since there is a
limited amount of available land for military training, it is in the Army’s
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best interest to protect these areas to fulfill their mission requirements for
realistic training and testing. To meet this need, the military initiated the
ITAM program with the goal of long-term management of training lands.
A similar program, initiated specifically for ranges, was ultimately merged
into the Army’s SRP with the overall goal to achieve optimum sustainable
use of military lands and ranges.

Management of military lands focuses on continued use of those lands for
training and testing. It is US Army policy to maintain training lands in a
condition that closely mimics the natural conditions under which actual
warfare would be conducted (i.e., to maintain training realism). Including
training, many human activities take place on Army training lands, such as
forestry operations, agricultural outleasing, recreational activities, etc.
These uses inevitably lead to natural resource disturbance. The use of mili-
tary vehicles during training, for example, results in soil disturbance and
vegetation loss, which consequently increases soil erosion rates, sedimen-
tation in streams, habitat degradation, and numerous other secondary and
tertiary effects. Forestry activities such as timber harvest and prescribed
burns can result in similar soil disturbance and/or loss of vegetation and
subsequent impacts to varying degrees. Army land managers must consid-
er how these activities, occurring in conjunction and over time, cumula-
tively affect both the environment and quality of training lands.

3.2.3 Cumulative impacts

Cumulative impacts are defined as effects that result from the incremental
actions when combined with other past, present, and foreseeable future
actions, i.e., training duration, land management practices, changes in
training doctrine, etc. (40 CFR 1508.7 and 1508.8). NEPA and the Envi-
ronmental Analysis of Army Actions; Final Rule (32 CFR Part 651) require
Federal agencies to evaluate the environmental implications of their plans,
policies, programs, and projects, at the same time that traditional econom-
ic and technical evaluations are underway. The NEPA process requires
consideration of direct, indirect, and cumulative impacts. An Army Envi-
ronmental Policy Institute (AEPI) study also defined the critical need to
account for cumulative impacts in the installation master planning process
(Keysar 2002). Likewise, SRP goals are to understand and manage long-
term impacts to ensure the sustainability of military mission.
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The process of site degradation/succession is driven by a complex of inter-
acting factors; no single factor predominates. The problem with current
conservation practices that measure plant composition and biomass is not
that those attributes are unimportant; rather, the problem is that they are
typically the only attributes measured. On the other hand, measuring a
great many complex, interacting factors takes a great deal of time and
study, and the results of that data collection and study are not easily trans-
ferable from site to site. Consequently, range managers have typically re-
lied on their accumulated observations and instincts through the years.

3.2.4 Carrying capacity

“Carrying capacity” is one of the important land management concepts em-
bedded in the ITAM program. The concept of carrying capacity is derived
from ecosystem science principles, refers to the amount of cumulative land
use, or “load” (usually referring to a particular type of use, such as livestock
grazing, recreation, or military training), that a given parcel of land can sus-
tainably accommodate. Carrying capacity is a complex, integrated variable
that is a function of the inherent site characteristics (e.g., soil, slope, aspect,
and climate) and biological regime (e.g., flora, fauna, vegetation communi-
ty, structure, and composition) of the natural environment. It can be quanti-
fied by scientific observation, experimentation, and measurement and esti-
mated using professional judgment. Load, or land use (e.g., military
training), can be quantified by type, intensity, and frequency, based on es-
tablished military doctrine. For the Army, land carrying capacity is defined
as the amount of training and testing that a given parcel of land can ac-
commodate over time in a sustainable manner (HQDA 2006).

Maintaining land use at or below the carrying capacity allows the land-
scape to recover naturally over time. When the amount of use (load)
placed on the natural system exceeds the carrying capacity, a critical
threshold is reached that can result in accelerated degradation or ecosys-
tem change. Human intervention, in the form of land maintenance and
rehabilitation, is essential to prevent these thresholds from being crossed.
These practices may include reseeding of damaged areas, planting of trees
and shrubs, making structural improvements to streams, and implement-
ing other common land rehabilitation and maintenance solutions. The
goal of the ITAM program is to sustain the long-term capacity on Army
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training and testing lands through a balance of usage, land condition trend
monitoring, and land maintenance/repair.

In 1995, ERDC-CERL initiated the “Land Based Carrying Capacity” re-
search and development package. The objective of this work package was
to address the requirement of sustainable training and testing land carry-
ing capacity. A key component of this capability was the Ecological Dy-
namics Simulation (EDYS) model. The model provides the capability to
predict responses of training lands to both military and non-military
stressors and facilitates linking the cost of training and testing land
maintenance to the actual level of training (McLendon et al. 1998).

3.2.5 Predictive capability

EDYS was initially focused on addressing issues of scale. Different ecologi-
cal processes operate at different spatial and temporal scales (Levin 1992).
The traditional Army approach was to have an experienced land manager
make a judgment regarding the status and trend of the resources in ques-
tion. Models were viewed as either:

1. Overly general and of little practical value in evaluation of specific man-
agement scenarios

2. Overly specific and therefore, limited to only one or a few sites

3. Very complex, requiring extensive calibration with site-specific data that
are not available

4. Not sufficiently focused, e.g., the endpoints they evaluate, such as soil ero-
sion, are important, but the endpoint is only one of several important as-
pects of ecological dynamics (McLedon et al. 2001, Childress et al. 2002,
Childress and McLendon 1999, Childress 1999).

In addition to EDYS, a number of methodologies have been developed and
are used to estimate military training land carrying capacity (CAA 1996,
Anderson et al. 1999, Shaw and Diersing 1989, Warren and Bagley 1992,
Wilson 1988, Childress and McLendon 1999). Case study examples may be
found in Hochstrasser, Peters, and Fehmi (2005); Guretzky Fehmi, and
Anderson (2006); and Byrd (2005).

Common to each of the methods is a submodel that accounts for the effects
of land use activities. These models reflect considerable research that suc-
cessfully quantifyies the impacts of land use activities on natural resources
(Shaw and Diersing 1990, Milchunas et al. 1999, Prosser et al. 2000, Herl
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et al. 2005). Unfortunately, little data were and are available to populate
these models to accurately characterize the spatial and temporal impact
regimes of military activities in terms of the intensity, frequency, duration,
and spatial extent of impacts. Moreover, these models incorrectly assume
that interactions between military and non-military activities are already
understood (Anderson et al. 2005). Together, these deficiencies made it
difficult for these existing models to successfully estimate military training
land carrying capacity.

During the late 1990s into the 2000s, Army research focused on isolating
the impacts of single activities on the landscape, particularly the impacts
of military vehicles on vegetation. Examining vehicle impacts in natural
environments began in the 1980s largely in response to controversies gen-
erated by increased recreational use of off-road vehicles on Federal lands.
Nevertheless, this research was typically observational in nature and the
specific activates creating the impacts were not quantified in terms of du-
ration, frequency, extent, and vehicle type. Thus this early research only
indirectly linked natural resources impacts with levels of training load.
Post ITAM (1995), studies better quantified military vehicle impacts
through the use of classical experimental designs, more powerful observa-
tional techniques (like satellite imagery), and a variety of statistical design
methods. ERDC-CERL SR-01-17 (Fehmi et al. 2001) summarized the ref-
erences contributing to this body of work.

Since the end of EDYS’s project, the understanding of the impacts of off-
road and military vehicle activities has dramatically increased. However,
the effective use of this information in land management decision making
has been limited.

In 2011, range managers at Canadian Forces Base Suffield initiated the
“Range Condition Assessment” study to quantify the impacts of cumula-
tive land activities on range conditions. Range managers devised a meth-
odology by which they divided the post into a 30-m vector grid and annu-
ally charted the land management activities occurring within each vector
alongside the landcover quality. The study used simple regression analyses
to find correlations between specific management patterns and resulting
land quality characterization (Smith and Gartry 2011). With less than 1
year of data collected, the results are as yet inconclusive. Still by design,
the study will only provide a long-term trend analysis, not the short-term
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predictions/land management optimization timescale that ITAM land
managers require, and that EDYS research strived to achieve.

Recent advances

The current state for both indirect and cumulative impact assessment is
evolving. However, recent assessments tend to be characterized by limited

analysis and supporting knowledge of military specific impact interactions.

A published review of Environmental Impact Statements (Keysar 2002)
found that cumulative impacts analyses have received insufficient time or
resources to adequately consider these impacts. While methods have been
developed to account for cumulative effects in NEPA documentation pro-
cesses, this approach is useful for quantifying the only additive cumulative
effects of multiple land uses on a common resource (i.e., total loss of forest
land due to different land use activities), it does not account for the inter-
action among land uses with respect to military actions.

Current ecological research has questioned whether the concept of well-
defined, predictable, and reversible changes along a successional gradient
holds for all or the majority of ecological communities. Ecologists have de-
veloped theories that allow for multiple equilibriums and for transitions
between alternative vegetational states that are not easily reversible. In-
vestigators have attempted to describe the mechanisms that produce such
complex dynamics on communities. In some cases, the random occurrence
of fire, drought, or changes in human activities have produced changes in
communities that do not appear to follow a readily discernible succession-
al sequence. Today, complementary sciences are being coordinated to bet-
ter explain the dynamics of vegetation, such as:

e application of concepts of population dynamics that are derived from
the field of animal ecology

e tracking of nutrient cycling and energy flow as system alternatives to
quantification of biomass

e use of geospatial science and remote sensing tools to create digital im-
agery to characterize landscape structures

e use of computer science’s ability to manage complex problems using sys-
tem dynamic and agent-based models that allows analyses of the opera-
tional characteristics and physical states of ecological communities.
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Unresolved problems

Despite these academic advances, no coherent theory has yet been suffi-
ciently tested to replace current successional concepts (Bastian et al. 2006).
In fact, only a small minority of military ranges, or even parks, forests, and
nature reserves have and use succession modeling tools in management.
Many factors contribute to this situation (Kessell 1981). First, succession
models are simply not available for most of these areas. Most succession
modeling efforts have been conducted in a few small areas for which a good
database was either already available or constructed during the study. Ap-
plications to new areas is certainly possible using existing and tested mod-
els, but this cannot be accomplished without the collection of new data for
local calibrations, fine tuning, and validation. The kinds and amounts of
new data required depend on several factors, including the type of succes-
sion model employed; previous data collection and research on community
composition; species characteristics and succession; and the availability of
data from other ecologically similar areas. The greater the difference be-
tween communities originally modeled and those in the new area, the larger
is the effort required to obtain the needed information.

The second problem, related to the first, is the inadequate understanding
of the characteristics, adaptation, and interactions of species populations.
Much progress has been made in this area in the last decades; much more
remains to be done. Too many models must estimate, extrapolate, or
simply guess these parameters. This not only detracts from the models’
capabilities, but also increases the difficulty in applying them to new areas.

Another related problem is modeling the compound effects of disturbance
intensity, periodicity, and frequency. Some recently developed models
(i.e., Forest Planning Language and Simulator [FORPLAN]) do include in-
tensity and/or periodicity as independent variables that affect the post-
disturbance community development; at least one model allows an inter-
action of intensities and periodicities of fires (Kessel and Potter 1980).
However, since these models depend on historical successions for part of
their database, their reliability under disturbance regimes without histori-
cal precedence is generally unknown. Repeated disturbances at high fre-
quencies pose a still greater problem. Military range managers, for exam-
ple, ask a question for which there is no reliable answer: “But what will
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happen in the long-term if we prescribe burn this community every five
years for the next century?”

An even greater problem is posed by the need to model not only very dif-
ferent kinds of disturbances, but also the interactions among them. Mod-
els of fire, insect, and grazing disturbances are common, but very few
models can address all three disturbances or their interactions. Problems
such as these highlight limitations not only in the models themselves, but
also in the databases on which they depend. Such complex problems chal-
lenge researchers to improve the basic models, and both researchers and
managers to initiate progressive programs of resource data collection.
Even if researchers could produce the perfect model of biomass changes
after disturbance, and guarantee it to be without error, several problems
would still remain.

Land management agencies manage not only to maintain the vegetation
itself, but also animal populations, watershed quality, recreational oppor-
tunities, and resource production. Perhaps these other considerations can
be derived at least in part from knowledge of vegetation dynamics, but the
burden is on the researcher to provide this interpretation. Disturbances
and disturbance management affect many other ecosystem components,
including dead material, nutrient pathways and stores, special habitats
such as logs and snags, and aquatic communities. Most succession models
address these considerations inadequately or not at all.

An equally important limitation of most succession models is their inabil-
ity to address an entire landscape mosaic. A manager who may wish to op-
timize species diversity or wildlife habitat, must consider it on the level of
the entire park, forest, or reserve—not simply on the level of a single com-
munity. For example, to determine the best fire management plan for an
individual drainage area, the manager may need to consider:

e whether adequate suitable habitat is available for large mammals that
will be temporarily displaced by the fire

e what kind of fire would produce a mosaic of intensities and thus leave
undisturbed “island” refuges for small mammals

e whether seed sources are available for the obligate seeding tree and
shrub species

e what affect this fire and the successional responses of the communities
will have on the diversity of the entire drainage.
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Additional considerations include the size, shape, placement, and timing of
disturbances; the uniformity or patchiness of the environment; and the in-
teraction of controlled disturbances and potential future (unknown and po-
tentially uncontrollable) disturbances. These are extremely important con-
siderations that succession models have only recently begun to address.

The metrics used within natural resources models (or the language used to
express them) can vary, but in general, it is possible to convert or adjust
them for comparison of like units/measurements, i.e., animal units for
grazing verse elk populations. This cannot be said for measure-
ments/parameters currently employed to access military training impacts,
i.e., Maneuver Impact Miles (MIM) or the standardized collection of scien-
tific data on ecological conditions (the ITAM program’s Range and Train-
ing Land Assessment protocol). A standardized method of metrics has not
been developed that assesses military training quality or military impacts,
much less military impacts over time and space in conjunction with other
natural resources management practices. Currently used models and
methods for land management may be 